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ABSTRACT

Molecular interactions between a substrate and an overlayer control the intrinsic
adhesion between the two materials and this intrinsic adhesion, in turn, is a
critical component of the measured adhesion which also includes factors related
to plastic deformation of the materials. Because virtually all measurements of
adhesion include these other factors, accurate values for the intrinsic adhesion
have not been available in the past. To develop a means to measure this
parameter, nonlinear von Karman plate theory has been used for a consistent
analysis of pressurized circular, island and peninsula blister specimens. The
configurations considered ranged from linear plates to membranes. Interfacial
energy release rates and fracture mode-mixes were extracted. For a given
pressure and all possible materials and delamination length to thickness
(aspect, a/h) ratios, the peninsula blister provided the highest energy release
rate, followed by the island and circular blisters. The extent of yielding in
delaminating copper films was greatest with the circular blister. The stress levels
in the island blister were notably lower, While extensive yielding was still
present in peninsula blister configurations with alh = 100 and 500, there was
none for a/h = 10. A scheme for extending the utility of blister specimens to
higher aspect ratios was developed and analyzed.

In preparation for correlating intrinsic adhesion with chemical interfacial
bonding, the interactions of copper overlayers with four different polyimides
lpyromellitic dianhydride - oxydianiline (PMDA-ODA), benzophenonetetra-
carboxylic dianhydride - diaminobenzophenone (BTDA-DABP); oxydiphthalic
anhydride - oxydianiline (ODPA-ODA); and pyromellitic dianhydride - phenylene
diamine (PMDA-PDA)] were studied by XPS. Emergent ether-like functionalities
on polyimides without innate ether groups suggested a copper-induced partial
reduction of carbonyl groups. A surface behavior diagram of the carbon
chemistry confirmed this reaction by indicating a partial replacement of carbonyl
moieties with ether-like moieties.
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INTRODUCTION

The measured adhesion of an overlayer/substrate system can be considered
to have two components, an intrinsic adhesion controlled by chemical and
physical interactions between a substrate and an overlayer and a multiplicative
factor that includes the plastic deformation or yielding of the overlayer during the
delamination. This multiplicative factor is commonly much larger than unity but
is dependent on the materials of the system, the type of stresses applied, the rate
at which they are applied, and the environment to which the system has been
exposed. Hence, any measurement of adhesion depends on the process by
which the value has been obtained.

The increase in measured adhesion strength over the intrinsic interfacial
adhesion has great practical advantages when one is attempting to maximize
adhesion. Nonetheless, the intrinsic adhesion or fracture toughness is critical
because without a strong interface/interphase, no deformation of materials will
occur and the bonded system will fail readily. Despite the importance of this
parameter and the need to correlate it with chemical and physical bonds across
the interface, its measurement has been elusive because of the nearly universal
yielding of materials during testing. In this program, we are attempting to
determine the intrinsic fracture toughness of an interface and compare it with
interfacial chemical bonding.

Our correlation of chemical interphasal bonding with interphasal fracture
toughness entails four tasks: stress analysis of different test configurations to
design a specimen exhibiting no inelastic deformation during testing;
development of a procedure to fabricate these specimens; determination of the
interphasal chemical interactions; and measurement of the interphasal fracture
toughness. The first two of these tasks are highly interactive as the final test
specimen needs to be both analyzable and producible. Considerable progress
has been made on the first three tasks and are reported here.

We have chosen the copper/polyimide system for this study. It has significant
technological applications in the microelectronics industry and the interactions of
various metals with p.iromellitic dianhydride - oxydianiline (PMDA-ODA) have
been widely studied. For our purposes, the copper/polyimide system is ideal
in that the chemical bonds formed are relatively weak so that failure can be
foiced interfacially with little probability of crack propagation within the polymer
or metal; smooth interfaces can be formed that will contribute no physical
(mechanical) bonding; and test specimens can be fabricated using standard
electronic device processing techniques.

Most investigators have concluded that reactive metals initially interact with
the carbonyl groups of the polyimide.'" However, interactions with the aromatic
rings have also been proposed 12-14 as has the possibility that reactive, e.g., Cr, Ti,
Co, and Al, and unreactive, e.g., Cu, Ag, and Au, metals will interact with different

3,12,14sites. It is expected that a concomitant result of this work will be an

-2-



improved understanding of the interactions of copper deposited onto polyimide
substrates.

The polyimides that have been investigated were chosen to provide differing
concentrations of carbonyl and ether moieties on both the dianhydride and
diamine components of the polyimide: PMDA-ODA, the microelectronics
standard; benzophenonetetracarboxylic dianhydride - diaminobenzophenone
(BTDA-DABP) with two phenyl rings joined by carbonyl groups on each
component; oxydiphthalic anhydride - oxydianiline (ODPA-ODA) with two phenyl
rings joined by ether groups on each component; and pyromellitic dianhydride -
phenylene diamine (PMDA-PDA) with only one phenyl ring in each component.
They are shown in Figure 1 and the concentrations of the various groups are
given in Table 1.

1 1
PMDA-ODA 0

PMDA-PDA o

0 0

0 0 0

polymid C-OC C.1. N C= C- 1- CC -

BTDAPDABP (N5318 5.3 N 2

ODA-DA 56 1.O56111A1. OD27A 2

PMA-DA 3.4 18 0

PMDA-PA 0 1 9 19
BTDA-PDAB 0 1582 5.3 1582 0 5.3 27316826.

QOPA-ODA 5.6 11.1 5.6 11.1 11.1 5B 27.8 222
PMDA..ODA 3.4 13.8 6.9 13.8 6.9 6.9 19.7 27.6 _
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One method of quantifying the resistance to delamination is to use a fracture
mechanics approach with blister specimens. Blister specimens have been used
for examining delamination mechanisms in relatively thick layers since the early
works of Dannenberg,17 Willliams and co-workers, 18-23 Takashi et al.,24 .25 and
Erdogan and Arin. s Reference 27 contains a review of the material
combinations and specimen configurations that had been examined and
analyzed up to the mid 1980's. It was about that time that interest in using the
pressurized circular blister test for microelectronic applications arose28 and a
membrane analysis" was proposed. As tougher interfaces were examined,
problems were encountered with tensile failure in the blistering film prior to
delamination.3 0  This motivated the development of several alternative
configurations such as the island blister, 3 the constrained blister,32 3 and the
peninsula blister.3' Linear plate and approximate membrane analyses that
sometimes account for residual stresses have been used to delineate the
advantageous regimes of operation of each configuration. The most recent
arrival, the peninsula blister,3 shows most promise due to the relatively low
pressure levels required to produce delamination and the fact that it is a constant
energy release rate configuration. However, based on recent experiments with
blister specimens,3 5 it is not enough to have the delaminating film survive the
test; the amount of yielding in the delaminating layer should be limited so that
linear elastic analyses can be properly conducted. Otherwise, elastoplastic
analyses, such as the one by Kim and Aravas6 for thin film peeling, will have to
be conducted in order to account for dissipative effects due to large scale
yielding.

To determine the feasibility of using these specimens to measure interfacial
fracture toughness, we have analyzed the behavior of pressurized circular,
island and peninsula blister specimens in a consistent manner over a wide
range of delamination length to thickness ratios and provide a measure of the
extent of yielding that can be expected to occur in each specimen for a given
interfacial toughness. The specimens were analyzed and their responses were
compared on the consistent basis of nonlinear von Karman plate theory37 which
has as special cases the limiting behavior of membranes and linear plates.
Such an analysis of the circular blister has recently been conducted with asequel that has included residual stress effects.3 9

EXPERIMENTAL

STRESS ANALYSIS
The geometries of the specimens that are being compared in this study are

shown in Figure 2. In all cases, we considered that a copper layer had been
deposited on polyimide which, in turn, had already been deposited on a
convenient substrate. A delamination was placed between the copper and
polyimide layers, leaving a blister of thickness, h, and a planform geometry that
reflected the type of specimen. The simplest is the circular blister with a debond
diameter of 2a. The debond in the island blister is annular with an inside
diameter of 2b and outside diameter of 2a. Delamination proceeds by
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decreasing the inside diameter or the size of the island.31 The delaminating layer
in the peninsula blister specimen has a rectangular planform of length, a, and
span, 2c. It is essentially attached to the polyimide layer along y = + c, along
x = 0 for /y/ s c and along x = a for /y/< b. Under certain conditions, 34

delamination will only progress along the length of the peninsula, increasing the
length, a. In the results presented later, the delaminations were fixed at a = 5mm
while the thickness of the delaminating layer had the range 0.005 <_ h S 0.5mm.
The island and peninsula blisters had the same ratio of propagating to stationary
delamination front length (b/a = c/b 0. 1) and the delamination span to length
ratio for the peninsula blister was c/a - 0.5. In all cases, a pressure, p, is applied
to the faces of the delamination through a port in the substrate, S. As a first step
and also because most of the strain energy available to produce fracture is
stored in the copper layer, it was considered to be rigidly clamped along the
boundaries of the delamination, essentially ignoring any deformation in the
polyimide layer.

Cu, h -- _ __

PI r
S 7-II
CIRCULAR BLISTER

S L
ISLAND BLISTER Z

- 2bi-'-

I• 2a -,'

T ...................
==•= .... ..... ...... ......= ..= =.=. =......

I-' a -y -I

Cu, h- -- ,.

Ix

PENINSULA BLISTER

Figure 2 Bliste Specimen Geomeiries.
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In the past, various stress analyses have been conducted of the geometries
shown in Figure 2. These have focused on the two extremes of linear plate and
membrane behavior. However, some of the delamination sizes and copper
layer thicknesses being considered here put the response in the transition
between linear plate and membrane behavior. It was therefore necessary to
conduct the stress analyses on the basis of von Karman plate theory37 that
accounts for bending and stretching of the delaminating film under large
deflections. Although the latter give rise to nonlinear effects, the strains are
small and the material response was therefore taken to be linearly elastic, with
Young's modulus, E, and Poisson's ratio, v. Subsequent analyses may have to
account for nonlinear material behavior.

Because of their circular nature, the field equations for the circular and island
blisters were expressed in cylindrical coordinates, r, 0, and z, with corresponding
displacements u, v, and w. However, because of the axisymmetric nature of the
geometries and loadings, displacements (and hence strains and stresses) are
independent of 0 and v = 0. We introduced the nondimensional quantities:

p=rla and P=wlh (1)

and used
16 E (4 (2)

for nondimensionalizing pressures.

The stresses in the layer were expressed in terms of the stress resultants Nr and
N O where

•h/2 lh/2NV,-L•=2 Or dz and N,=-,_Z~o.e dz. (3)

and the bending moments
thl2 e = 12

M,= J- h2/r, ZdZ and M _h2 O zdz. (4)

The stress resultants can be derived from a stress function, €, through

r and(5)

Consideration of equilibrium and compatibility leads to two simultaneous,
differential equations in • and 4= a 0/Eh 1, the nondimensionalized€,

- 1 +,; 2 (6)

P2 W+ p T"-,=-32 (lpo)p1 +12(1-V2) p " (7)
d() " d2()

where ( ) = , ( ) = ,etc.
dp dp
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The boundary conditions for the circular blister were taken to be
V'(0) = i(O) =0 (8)

and
;;(I) = ;;,(I) = i'1- (1) = O. (9)

The conditions on at r = 0 and 1 reflect the requirements of finite stresses and
zero radial displacement, respectively.

Although the governing equations for the island blister are the same as those
of the circuiea blister, convergent solutions were more easily obtained when the
origin of the coordinate system was moved to the center of the annular region.
The nondimensional quantities were also changed to reflect the island blister
geometry so that

p=2rl(a-b), i7=wlh and #=#(a-b)lEh3

The quantity 4 = 1 - p was used to represent the translation of the coordinate
system, in which case the governing equations became

440•)• - 0/0 /(- 4) = WI" 10

T (10)

The boundary conditions at • =0 were

;P'(0) = i'(0) + v ((0) =0 (12)

reflecting zero slope and radial displacement at the center of the deflected
region. Along the debond front

RD(1) = ;;(l) = i'(1)+ v j(1) = 0. (13)

Once the displacement was determined, the bending moment was obtained
through the stress strain behavior fromE~3

M- (w" + Vw'lr).
12(1 -v 2 ) 

(14)
The rectangular planform of the blistered areas in the peninsula specimen
suggests the x, y, z Cartesian coordinate system shown in Figure 2, with
corresponding displacements u, v, w. The governing equations were

DV4w- q-h(w, F,,, +w,, F,= -2w,z,F,.r,)=O (15)

V"F = E(w,2-w, w,I,) (16)

The fully clamped boundaries led to the conditions

u =w"w,• =Fm- = 0 (17)

v =w=wY=F,,v=0 Y= c/2 (18)
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The equations for the circular and island blister were converted to a series of
simultaneous first order ordinary differential equations and solved numerically.
A Raleigh Ritz procedure was used to obtain the solution for the peninsula blister
deflection, w. The procedure was checked against the solution for the one
dimensional case, which was obtained analytically. Once w was determined,
the bending moment, M, the membrane force resultant, N, and the stress, 0,
could be found at any location along and through the thickness of the copper.
For the circular and island blisters, the energy release rate, G, was extracted
from the values of M and N at the crack front. r

G6 (1- V2) 2 h2N21(
G F-,h LM+12 J'9

The normalizing energy release that was used later in Figure 3 was taken to be
EBz5Go(1- v)a' (20)

The fracture mode-mix is expressed as the angle

t= n [ Re(Kh I) (21)

l92•Mcoswo +hNsinwo
S= -4"- Msinc + hNcoso)

where K = K, + i K2 is the complex interfacial stress intensity factor which gives
the stresses ahead of the crack through

r, + iaZ = _K r". (22)
,J2xr

The angle (o depends on the Dundurs' parameters a and b and E is the bimaterial
constant

e =- In 11 . (23)

A universal plot of co vs. a for Ii =0, a/4, and a*/2 is given by Hutchinson and Suo. 40

An alternative scheme for determining the energy release rate provided by the
peninsula blister had to be used because there are three regions that are
pressurized. The energy released comes from the two regions ahead of the crack
front on either side of the peninsula (a _x •- t; b _•lyl •5c), while some is still stored
in the one region behind the crack front (x •_a ; lyl •_c). The potential energy of the
three blistering regions is

n =flna +'1 2(e-a). (24)

The energy release rate, G, is given by the rate of change of potential energy with
increasing crack area, so that

G an 0(n2 -n,1 ) (25)
792b - 2b
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INTERFACE ANALYSIS
The poly(amide acid) precursors were synthesized from pure monomers in a

closed vessel at room temperature under nitrogen using N,N-
dimethylacetamide.41 The poly(amide acids) were spun coat onto a silicon wafer
and cured at 1400C for 0.5 hours, cooled to room temperature, and cured at
3000C for 1 hour. Wafers were cleaved into four pieces and stored in a
dessicator until use. Each specimen was inserted into the vacuum chamber via
a load lock one to three days prior to deposition experiments. The base
pressure of the chamber was in the low 10-7 Pa range.

X-ray photoelectron spectroscopy (XPS) measurements were made on the
clean polyimides and after deposition of copper to various levels using a
Surface Science Laboratories SSX100 spectrometer with a hemispherical
electron analyzer with multichannel detection and a monochromatized Al x-ray
source focused to 600l.m. To minimize or eliminate differential charging yet
allow unimpeded deposition, a retractable screen was designed to allow
placement directly over the surface during XPS analysis when needed and
removal during transfer to the evaporation station. 42 Survey spectra and high-
resolution spectra of the Cu 2p, 0 is, N Is, and C is peaks were acquired on
the clean specimen and after deposition of 0.1, 0.3, 1, 3, and 10 nm Cu. A
Shirley background subtraction was used for quantification and curve fitting
unless a small peak on top of a sloping background required a linear
background. Curve fitting was achieved using the manufacturer's software.
Although peak width and energy were not fixed, they were examined to assure
consistency within a run and from sample to sample. The greatest uncertainty in
the curve fitting involved the two aromatic carbon peaks from the dianhydride
and diamine components and the ether peak because of their overlap.
Quantification was obtained from the curve fitted peaks using sensitivity factors
derived from standards. Intensity of the carbon and oxygen shake-up satellites
were proportioned between the aromatic carbon peaks and the two oxygen
peaks, respectively prior to quantification. Binding energies were normalized to
the carbonyl 0 is at 532.3 eV for clean substrates and to Cu 2P3/2 at 932.7 eV
for surfaces after depositions.

Depositions were made in an attached preparation chamber using an
electron-beam evap. itor. Thicknesses were monitored using a quartz crystal
oscillator. Deposition rates were usually 0.02-0.1 nm/s, depending on the
desired incremental deposition.

RESULTS AND DISCUSSION

STRESS ANALYSIS
Dimensionless values of central deflection, energy release rate and fracture

mode-mix will first be compared as a function of a dimensionless pressure.
These results can then be used to examine the response of any combination of
specimen geometry and material selection. The comparison will then be made
more specific in order to compare stress levels and distributions in a layer of
copper delaminating from an interface with a toughness of 100 J/m 2 .

.9.



The central deflections of the three specimens are shown in Figure 3, under
the designations CB, IB and PB, for circular, island and peninsula blisters,
respectively. It can be seen that the response was quite nonlinear with values up
to 25 layer thicknesses being achieved for the pressure range considered. The
most compliant response was that of the circular blister, followed by those of the
island and peninsula blisters. Smaller values of b/a for the island blister or b/c for
the peninsula blister produced even lower deflections.

30III

25

20

t 5 B a 0.1

0 iO0 2 4 6 8 10

Applied pressure, p/p0 (10 3)

Figure 3. Cenoral deflections of the circula, Wland and peninsula bWster specikens.

10

0 8
[ b/c =0.1

.6'j

S 4

LPC1 4

0
0 2 4 6 8 10

Applied pressure, p/p o(10 3)

Figure 4. Energy release rates available fbrm circular, island and peninsula blister specimens.

The next step was to compare the energy release rates that each specimen
could provide for a given pressure (Figure 4). The principal advantage of the
peninsula blister, namely that it provides relatively high energy release rates, is
clearly demonstrated over the full range of pressures. As pointed out in
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Reference 34, this is due to the relatively small debonding area compared to that
of the circular blister. Again, decreases in b/a or b/c would lead to even higher
energy release rate values for the island and peninsula blisters.

In view of the variation of interfacial toughness with fracture mode-mix that
has now been noted for a wide range of materials,43 4 7 an important step in
characterizing the response of any fracture property specimen is the range of
mode-mixes that it provides. The values that can be obtained from the three
specimens being considered here are shown in Figure 5. In all cases,
especially at lower pressures, the mode-mix varied quite strongly with pressure
level. The values were all negative, which seems to be a general characteristic
of blister specimens. For each specimen, the mode-mix values ranged over
about 10 to 15 degrees for the pressure levels that were considered. In addition,
there was a notable difference in mode-mix values from specimen to specimen.

-25

-30

-351B /=l

-40

S-50

-55 I I
0 2 4 6 8 103

Applied pressure, p/p 0 (10 )

Figure 5. Fracture mods..lxus associates with circular, Island and peninsula blWr specknens.

A key task of the program is to design fracture property specimens that would
allow the fracture properties to be extracted in a relatively straightforward
manner, using linear elastic fracture mechanics concepts. This means that the
amount of plastic deformation in the delaminating layer should be limited to
region near the crack front that is smaller than the delaminating layer thickness.
A second factor of interest was the range of pressures that should be applied to
cause delamination so that pressurization equipment and transducers could be
chosen appropriately. An interfacial fracture toughness of 100 J/m2 was chosen
as the main design parameter.

The critical pressures predicted by the nonlinear von Karman plate theory for
the three blister specimens are shown in Figure 6. All the responses shown
exhibited the power law extremes of linear plate and membrane behavior with a
transition region between them, as the crack length to delaminating layer
thickness increased. As expected from the results shown in Figure 4, the circular
blister would require the highest pressures, followed by the island and peninsula
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blister specimens. For 10 < a/h < 1000, it can be seen that critical pressure
levels in the circular blister ranged from about 900 to 60 psi and linear plate and
membrane theories can be used for a/h < 20 and a/h > 100, respectively. The
transition regions for the other two specimens shifted to higher a/h values,
mainly due to differences in membrane response. The pressure range for the
peninsula blister was from 500 to 20 psi for 10 < a/h < 1000.

N/m 2 (10 6 )

1000 1 6.895

G= 100 J/m 2

.o 100 C 0.685
L-

0.B _______1

: 10 rb = 0.1 0.069

1..0.007
1 10 100 1000 10000

Aspect ratio, a/h

Figure 6. Critica pressures In cdrcular, Island and peninsula blister specimens for an Intrfaclal
toughness of 100 J/n2.

The issue of yielding in the delaminating layer was examined in two ways.
The first was to compare the maximum levels of the von Mises effective stress, e,
at the critical pressure over the full range of a/h values that have been
considered in previous figures. There was the expected result that the thinner
the delaminating layer thickness is, the higher the maximum stresses become
(Figure 7). For the circular and island blisters, the maximum stresses ranged
from 7 to 80 times the yield strength of copper. The effective stress levels in the
peninsula blister were considerably lower than those in the other two
configurations and their distribution was more sensitive to the aspect ratio in that
there was a more obvious transition from plate to membrane behavior. The
stress levels in Figure 7 are conservative in the sense that the analysis that
yielded them would not account for singular stresses that occur along the
delamination front. However, even without the singular behavior, it is clear that
relatively large stresses can develop near the delamination front.
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Figure 7. Muaxhum von Mise defectie stresses In circular, Island and peninsula blister speckens.

Large stresses very close to the delamination front do not pose much of a
problem either in conducting tests or extracting linearly elastic fracture
mechanics parameters. It is when the extent of yielding is large with respect to
characteristic specimen dimensions, e.g., delaminating layer thickness, h, that
interpretation of results becomes more complicated. With this in mind, the radial
distribution of von Mises effective stresses at the critical pressure level for 100
Jim2 were plotted in Figures 8 and 9 for the circular and island blisters,
respectively. The longitudinal and spanwise effective stress distributions in the
peninsula blister appear in Figures 10 and 11, respectively. In each case, the
three subfigures a, b and c depict the stress distributions at the mid-thickness
(z/h= 0) and the bottom and top surfaces (z/h = + 0.5) of the delaminating layer
for alh = 10, 100, ana 500, respectively capturing plate, transition and membrane
behavior.
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Looking at the circular blister and the a/h = 100 configuration, which is most
representative of the film thicknesses and delamination lengths obtained from
standard microelectronics p xcessing procedures we see (Figure 8b) that along
all three surfaces the stresses were nearly constant near the center of the blister
(Ma = 0) and grew in magnitude as the delamination front was approached. The
degree of yielding was complete along all surfaces, with the exception of a small
region near the minimum value for z/h = -0.5, the top of the delaminating layer.
Thus the amount of yielding in a circular blister with a/lh = 100 at critical
pressure for G = 100 J/m2 is extensive, and, if not properly accounted for, would
give rise to a substantial overestimate of fracture toughness. The stress
distributions for a/h = 10 and 500 are shown in Figures 8a and c, respectively.
Although the membrane stress (z/h = 0) drops to zero for the plate configuration
(a/h = 10), complete yielding occurred along the top and bottom surfaces.
These large amounts of yielding, even in the plate configuration, help explain
why higher values of interfacial toughnesses were obtained with circular blister
specimens•'4 and the propensity of delaminating circular blister films to burst.30

In analyzing the island blister specimen, we examined a number of values of
the ratio of initial island radius to outer delamination radius, but present only the
results for one case: b/a = 0. 1. The extent of yielding in the island blister
configuration for G = 100 J/m2 and a/h = 10, 100 and 500 can be seen in
Figures 9a, b and c, respectively. The value r = 1 corresponds to the center of
the annulus. The highest stress magnitudes occurred near the island perimeter
(r = 0.22). The extent of yielding was greatest for the membrane (a/h = 500),
where there was complete yielding. For the transition case (a/h = 100), there
was complete yielding of the delamination along the midplane of the film and a
small elastic region near the minimum that arose along the top surface. There
was an elastic response over about 50% of the bottom surface of the
delaminating layer. Yielding in the plate configuration (a/lh = 10) was less
severe and only occupied about 10% of the exterior surfaces. The lower stress
levels in the island blister support the observation30,3 1 that delaminating films that
had been bursting in the circular blister no longer did so when the island blister
was used, even though residual stresses were present.

The distribution of von Mises effective stress levels in the peninsula blister
along y = 0 is shown in Figures 1Oa, b and c. The stress along the mid-
thickness decreased with increasing aspect ratio to zero for a/lh = 10. For the
membrane and transition configurations, the membrane stress was the highest
at x = 0 and yielding occurred over 55 and 30%, respectively, of the
delamination length. For a/h = 500, the stresses along the top and bottom
surfaces exceeded the yield strength over 50 and 60% of the delamination
length, respectively. Although the stress levels along the mid-thickness dropped
for a/h = 100 (Figure 10b), there was redistribution of the stresses along the top
and bottom surfaces that gave rise to slightly larger amounts of yielding.
However, the plate configuration (a/h = 10) gave rise to completely elastic
behavior (Figure 10a), making it very suitable for fracture toughness testing. The
pattern of extensive yielding for a/h = 500 and 100 and no yielding for a/h = 10
was repeated for the spanwise distributions (Figure 11). A more complete
picture of the distribution of yielding along the bottom of the delaminating layer is
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given in the contour plots in Figures 12a and b for a/h = 10 and 100,
respectively. The area being examined is the quadrant 0 . x S a/2 and
-c . y S 0. While it is clear that no yielding occurred for the plate
configuration (afh = 10), there was a substantial amount of yielding for alb = 100.
The stresses were concentrated in the middle of the delamination and exceeded
the yield strength in an elliptical region with semi major and minor axes that
were, respectively, about 80% of the delamination length and 70%/ of the span of
the delamination. At this point it should be remembered that this was a two-
dimensional analysis, with all four boundaries being fully clamped. A full three-
dimensional analysis would be required to completely capture the partial
clamping of the boundary x = a, for 0•- lyl -• b, which would undoubtedly raise
the stresses locally but not raise the overall extent of yielding very much.

G.-100 J/m2 , C/a2-O.. b/c-0.1

I -
Lmggua loeaen. Ri/'e

0.4 OA

Figure 12. Von Ulises efective stress comnturs in peninsula blisters with aspect ratios
(a) ahi =10, and (b) a/h: 100.
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Unfortunately, it is not simple to take advantage of the lack of large scale
yielding offered by the a/h = 10 configuration because of limitations in the
thickness of the deposited copper layer. As discussed below, in our test
specimens, the copper layer is first vacuum deposited onto the polyimide to a
thickness of 0.1pim and then thickened to at most 1lpm by electrodeposition of
copper or gold. Any further thickness augmentation by electroplating causes
residual stresses of sufficiently high magnitude that spontaneous delamination
can occur. An alternative scheme for preventing excessive yielding was
therefore considered in the form of a stronger, slightly more compliant layer
bonded to a l pm copper layer with epoxy, which can be spincoated to a
thickness of about 2-10im. Mica was considered as an example of a potential
top layer with a thickness of 20-30pm. At an a/h = 100, this would allow an initial
crack length of a = 2mm to be used. Since the mica was so much thicker than
the copper/epoxy combination, the configuration was first analyzed as a
homogeneous mica layer to determine critical pressures, etc. for G = 100J/m2.
The strains were then used to determine the stresses in each layer using the
properties listed in Table 2 and a laminated plate theory that was suitably
modified for the von Karman kinematics. The resulting von Mises effective
stresses at the bottom of each layer are shown in Figure 13, where the stress for
each layer was normalized by the corresponding yield stress (failure stress for
the mica), listed in Table 2. As might be expected, the largest stress levels were
in the copper. However, the stress levels never exceeded 50% of the yield
stress, even though the aspect ratio was 100, which had caused yielding in the
homogeneous case. Consideration was also given to using the mica layer for
circular and island blisters. Effective stress levels in the copper were slightly
above the yield strength in the circular blister and the critical pressure level was
much higher. The critical stresses and pressure levels in the island blister were
closer to the levels encountered in the peninsula blister, but it is not a constant
(steady state) energy release rate specimen. Thus the mica layer can indeed
function as a yielding inhibitor and increase the potential for thin film
delamination tests to be conducted on the basis of linear elastic fracture
mechanics.

Table 2. Mechanical Properties of Delaminating Layers

Material Youngs Modulus Poisson's Ratio Yield Strength
E, (106psi / GPa) v oy, (ksi / MPa)

Copper 16 /110.2 0.30 10/68.9
Epoxy 0.5/3.5 0.40 2/13.8
Mica 10/68.9 0.30 50 / 344.5

* Failure strength
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FABRICATION PROCEDURE
The requirements identified by the stress analysis for no inelastic deformation

present a challenge for fabrication. Peninsula blister specimens previously have
been fabricated on a much larfler scale by millling aluminum plate and bonding
a membrane using adhesive. Such a procedure is not compatible with our
system and was not intended to eliminate inelastic deformation, but rather to
reduce the pressure required for crack propogation and to minimize the chance
of membrane rupture. Although island blister specimens have been fabricated
by standard electronic material lithography previously,3°,31 this structure is less
complicated than the peninsula blister and again the structure was not designed
to eliminate inelastic deformation and, hence, did not have the design
constraints developed here. Increasing the overlayer thickness was one
challenge that has already been discussed. Another involved development of
etching procedures that would etch away the silicon substrate and then the
polyimide from the "ocean" without attacking the copper or promoting
delaminations at the copper/polyimide or polyimide/substrate interfaces.
Additionally, the etched walls had to be steep so that the back side of the
peninsula (away from the polyimide) had sufficient area to be reliably bonded to
the backing wafer to act as a rigid platform for crack front propagation.

By iteration and compromise between the analyst and the production
engineer, we have developed a workable fabrication procedure that results in an
analysible structure that can be correlated to the XPS measurements discussed
in the next section. Those steps requiring additional explanation are discussed
following the listing:
"* Spin coat the poly(amide acid) precursor onto 3-in. silicon wafer.
"* Cure the polyimide at 1400C for 0.5 hours, cool to room temperature, and

further cure at 3000C for 1 hour.
"* Evaporate - 150 nm copper onto the polyimide using the electron beam

evaporator in the preparation chamber of the XPS system.
"* Electroplate -1 gim gold onto copper surface.
"* Spin coat -<10 gim room-temperature curing epoxy onto gold surface.
"* Bond a 20-30 gIm mica wafer to the metallized polyimide.
"* Apply photoresist to back side of wafer and expose with appropriate mask.
"* Etch silicon in the "ocean" area using silicon tetrachloride in a reactive ion etch

(RIE) system.
• Etch the polyimide in the "ocean" area using oxygen in the RIE system.
* Etch a 2-mm hole through a second wafer using RIE.
* Spin coat the room-temperature curing epoxy onto the second wafer and bond

to first wafer.

The first three steps are identical to those performed during XPS
measurements to obtain the interphasal chemistry. This equivalency is critical to
make the correlation between the chemistry and fracture toughness. The only
difference is that the evaporation is not done in steps as it is for XPS, but done
continuously. A similar evaporation rate is used in both cases.

Approximately 1 tLm additional gold is electroplated to increase the rigidity
and strength of the overlayer. It has the added benefit of increasing the
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robustness during fabrication. To further strengthen the overlayer to prevent
plastic deformation during testing and to provide the desired a/h ratio, a 20-30
urm mica layer is glued to the copper with a spun-coated, low-viscosity, room-
temperature curing epoxy.

Four blister specimens are produced on each wafer to provide redundancy
and to increase yield. The size and aspect ratio of the peninsula together with
the thickness of the wafer require steep walls to minimize undercutting and
weakening of the peninsula and to allow anchoring of the peninsula to the
second wafer. This is acheived by etching of Si and polyimide in an RIE system
using silicon tetrachloride and oxygen, respectively.

The four inlet holes that are etched in the second silicon wafer (also via RIE)
are aligned with the "oceans" of the first wafer. This wafer is then glued to the
back of the first wafer to enclose the pressurization volume and allow
pressurization to be performed.

INTERPHASAL CHEMISTRY
Carbon and oxygen spectra for the four clean polyimides are shown in Figure

14 and binding energies for the different peaks are given in Table 3. The
different concentrations of carbonyl and ether moieties are evident. For PMDA-
ODA, the spectra and binding energies agree well with previously reported
results. 2 The splitting of the dianhydride and diamine aromatic carbons are also
evident. Model compound analysis 48'49 has previously indicated that at least
three carbonyl groups need to be attached to a ring for this splitting to be
observed. Our results show that each carbonyl group, up to three, cause a shift
of -0.3 eV: The DABP with one carbonyl moiety has a C ls peak shifted by 0.3
eV relative to the other diamine components with no carbonyl groups while the
ODPA with two carbonyl moieties has a peak shifted by 0.7 eV. No additional
shift is seen in going from three to four carbonyl groups; both PMDA and BTDA
have a shift of 1.0 eV relative to the aromatic structures without carbonyls.

Table 3. Binding Energies for Clean Polyknides (eV)
polyiide C-O-C C=O N C=0 C.-O N-C., C-C C-C

dianhydride diamine
PMDA-PDA - 532.3 400B 288.9 286.0 285.0

BTDA-DABP - 532.3 401.0 289.1 286. 2853

ODPA-ODA 533.6 532.3 400.8 288.9 286B 285.7 285.0

PMDA-ODA 533.6 532.3 400.9 289.0 286.8 286.1 285.1
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Figure 14. Catxon and oxygen Is spectra for clean polylmides.

Representative spectra of PMDA-PDA, the simplest polyimide examined,
following deposition are shown in Figure 15. One of the most notable features is
the appearance of an ether-like functionality in both the carbon and oxygen
spectra at moderate to high coverages (>1 nm Cu). A similar emergence of a
carbon ether-like moiety is also observed for BTDA-DABP, the other polyimide
without ether linkages in its structure.
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Figure 15. Carbon and oxygen ls spectra of PMDA-PDA for a clean substrate and after
deposition of qpproxknately 0.3 ad 3 nm of copper.

Normalized concentrations of oxygen and carbon exhibiting carbonyl and
ether bonding as a function of copper concentration are shown for the four
polyimides in Figures 16 and 17. The carbonyl oxygen concentration decreases
linearly with increasing copper concentration with a slope of -1 as expected for a
simple attenuation behavior. In contrast, the ether oxygen value for PMDA-ODA
and ODPA-ODA, the polyimides with initial ether linkages, falls off more rapidly
initially (up to 30% Cu) and then decreases much more slowly. For PMDA-PDA,
an ether oxygen peak is first detected at 40% Cu and slowly increases with
increasing copper coverage. No such peak is detected for BTDA-DABP.
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The carbonyl carbon concentration also decreases linearly with increasing
copper concentration, but with a slope slightly less than -1. This more rapid
decrease In signal is a result of either a greater attenuation due to a reaction
with this moiety or preferential adsorption or a small error in the relative
sensitivity factors of carbon and copper. At this point, we cannot eliminate any of
these possibilities although observation that the average aromatic carbon
signals do not decrease more rapidly than expected from attenuation
considerations suggests that the small difference in carbonyl fall off may be real
and not a sensitivity factor artifact. The ether carbon concentration exhibits
considerably more scatter reflecting the greater uncertainty in curve fitting this
small peak. The PMDA-ODA signal clearly decreases much more slowly than
expected from attenuation considerations while the fall off of the ODPA-ODA
peak cannot be distinguished from a simple attenuation. Ether carbon peaks
appear in both BTDA-DABP and PMDA-PDA midway through the deposition
sequence and persist until the end (10 nm Cu) although with different trends.

The aromatic carbon species tend to follow the expected attenuation. The
only exceptions are the diamine signals from PMDA-ODA and PMDA-PDA
(Figure 15) which decrease more slowly at low copper coverages. One possible
explanation of this slower decrease would be a greater attraction of the copper
to the PMDA component which is the most compact dianhydride studied.

The full widths at half maximum (FWHM) of the various peaks can also
contribute to the understanding of interfacial reactions. The Cu 2 P3/2 peak is
relatively broad at the first coverages, but narrows with increasing coverage until
sufficient copper is present to form a metallic overlayer (Figure 18). The
consistency of the FWHM at coverages greater than 25% Cu suggests that
whatever interactions occur at the interface do not involve significant charge
transfer from the copper and its metallic state is maintained.

The two oxygen peaks behave very differently as shown in Figure 19. The
ether oxygen changes very little over the course of the depositions with perhaps
a slight decrease and then increase. In contrast, the carbonyl peaks steadily
broaden until -40% Cu, remain steady until -60% Cu, and then narrow until the
end of the experiments.
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The carbonyl carbon peaks show a steady rise during the entire deposition
sequence (Figure 20). The increased width of the BTDA-DABP peak reflects the
two nonequivalent carbonyl sites (four on the dianhydride and one on the
diamine) and demonstrates the sensitivity of the FWHM to different chemical
environments. Because of the greater uncertainty in curve fitting the small ether
carbon peak, it is less reliable as a probe of chemical state. Of the two
polyimides containing ether linkages, the width of the ODPA-ODA is much
greater because of the two nonequivalent sites on the dianhydride and diamine
components. The PMDA-ODA peak steadily broadens during d6position until its
width is close to that of ODPA-ODA. Again the two emergent ether peaks
(PMDA-PDA and BTDA-DABP) show different trends with increasing copper
coverage. The reason for this different behavior is not understood.

2.5 Carbonyl Carbon FWHM

2 PMDA-ODA

S• PMDA-ODA
1.5 * PMDA-PDA

-*-BTDA-DABP

S-*-IODPA-ODA0.:I-
0 0.2 0.4 0.6 0.8 1

Cu Concentration

1.8 Ether Carbon FWHM

1.6

1.4.

1.21 . PMDA-ODA

I-- PMDA-PDA

0.811- BTDA-DABP

0.64. ODPA-ODA
0.4-

0.24

0 " I I I

0 0.2 0.4 0.6 0.8 1
Cu Concentration

Figure 20. FWHM of C Is carbonyl and ether peeks as a function of copper concentriton.
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In contrast to the behavior of the oxygen peaks and carbon peaks bonded to
oxygen, the aromatic carbon peaks maintain nearly constant widths. The
FHWMs for all coverages and all polyimides are within or close to a band from
1.1-1.3 eV. The same consistency is also observed for the nitrogen peak until, at
high coverages, the reduced signal-to-noise increases the scatter.

Much of these data can be summarized by representation in the surface
behavior diagram (SBD) of Figure 21. SBDs have been used to trace the
evolution of the surface composition during a variety of reactions with the
environmentand as a function of depth into the material. 5ss5 Often, the SBD
representation allows insights not readily available from more conventional
analyses. In this case, only the carbon chemistry is plotted onto the SBD to
elucidate its interfacial reactions; the basis species that occupy the vertices of
the SBD are the carbonyl, ether, and aromatic carbons. (The aromatic carbon
signal is the sum of the dianhydride and diamine values, which also include the
carbon-nitrogen bonding.) Here we show the evolution of the carbon chemistry
for PMDA-PDA and PMDA-ODA with copper coverage as the independent
parameter. The data show a steady evolution along a horizontal line parallel to
the carbonyl-ether axis for both polyimides, except for the 88% Cu point of
PMDA-ODA which deviates downward. That horizontal path is indicative of a
partial replacement of carbonyl functionality with ether-like functionality. The
replacement is most evident with the PMDA-PDA because there are no initial
ether moieties to mask the emergent ether-like moieties. By 75% Cu coverage,
the carbon chemistry of the two polyimides is essentially identical.

C-C
-"p

0 CU/PMDA-ODA c-c o

* CUIPMDA-PDA

ci 2S S4 74

CEO C-0
Rge 21. Surlace behavior diagram tracing the evolution of the carbon chemistry as a function

of copper concentration for PMDA-PDA and PMDA-ODA. The numbers beside each
peak repres the atomic concenration of copper.
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The precise form of this ether-like functionality is unclear. The leveling off of
the PMDA-ODA and ODPA-ODA ether oxygen signal beginning at -30% Cu
after an initial rapid decrease (Figure 16) corresponds to the point at which the
emergent ether-like carbon signals are first detected for BTDA-DABP and
PMDA-PDA and the emergent ether-like oxygen signal is first detected for
PMDA-PDA. Nonetheless, the FWHM of the Cu peak remains narrow in this
regime arguing against a covalent Cu-O-C bond. Rather, copper appears to
remain metallic while inducing charge transfer from the carbonyl groups
equivalent to the formation of an ether group.

The observation that copper reacts only weakly with a polyimide substrate at
room temperature is well established in the literature.11' 1 The site of the
interaction with unreactive metals, however, is less certain with carbonyl" and
ether 1 4 moieties being proposed along with a general, non-specific reaction
site.3 ,12 ' 51'1o Our data are strong evidence that copper interacts with the carbonyl
moieties and at least partially reduces the carbon to form ether-like
functionalities. This reaction is similar to that observed initially for reactive
metals, but requires much more copper. The comparison of the interphase
chemistry with interphase mechanical properties will further elucidate the
bonding sites and mechanisms.

SUMMARY AND CONCLUSIONS
Although the range of specimen configurations that was analyzed here was

greater and the manner in which they were analyzed was more consistent, the
conclusions of previous analyses, namely that the peninsula blister specimen
provides the highest energy release rates, still stand. However, the new insight
provided by the present analysis was that the amount of yielding in all
specimens, and particularly the circular blister, can be substantial, especially for
aspect ratios and toughness values that occur in multilayered microelectronics
structures. The only configuration with a homogeneous delaminating layer that
did not suffer any yielding was the relatively thick (a/h = 10) peninsula blister.
The addition of a thicker, higher strength layer extended the range of aspect
ratios over which linear elastic fracture mechanics could potentially be applied.

The interactions with deposited copper overlayers and various polyimide
substrates have been investigated by monochromatized XPS. The emergence
of ether-like functionalities on polyimides without innate ether groups and a
broadening of the carbon carbonyl peak indicate a copper-induced reduction of
some of the carbonyl functionalities. The surface behavior diagram of the
carbon chemistry confirms this scenario by indicating a partial replacement of
the carbonyl groups by ether-like moieties.
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